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Abstract
Astrophysical molecular spectroscopy is an important method of searching for new physics through probing the
variation of the proton-to-electron mass ratio, µ, with existing constraints limiting variation to a fractional change
of less than 10−17/year. To improve on this constraint and therefore provide better guidance to theories of new
physics, new molecular probes will be useful. These probes must have spectral transitions that are observable astro-
physically and have different sensitivities to variation in the proton-to-electron mass ratio. Here, we concisely detail
how astrophysical observations constrain the set of potential molecular probes and promising sensitive transitions
based on how the frequency and intensity of these transitions align with available telescopes and observational
constraints. Our detailed investigation focuses on rovibronic transitions in astrophysical diatomic molecules, using
the spectroscopic models of 11 diatomics to identify sensitive transitions and probe how they generally arise in real
complex molecules with many electronic states and fine structure. While none of the 11 diatomics investigated
have sensitive transitions likely to be astrophysically observable, we have found that at high temperatures (1000
K) five of these diatomics have a significant number of low intensity sensitive transitions arising from an accidental
near-degeneracy between vibrational levels in the ground and excited electronic state. This insight enables screening
of all astrophysical diatomics as potential probes of proton-to-electron mass variation, with CN, CP, SiN and SiC
being the most promising candidates for further investigation for sensitivity in rovibronic transitions.
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1 Introduction
Though general relativity and the Standard Model have
been outstandingly successful theories of the physics of
the heavy and the small respectively, our understand-
ing of physics is incomplete due to the incompatibility
of these two theories[1, 2] as well as major unexplained
observations. Most startlingly, perhaps, is the fact that
only 5% of the universe is made up of matter that we
currently understand; the remainder is composed of dark
matter and dark energy which we cannot yet explain
though we can clearly observe their effects. [3] Solving
these mysteries in a major ongoing area of research in
modern physics that has led to a large number of com-
peting possible theories (see Uzan 2011 [4] and references
within for an introduction to some of these theories).
Many of these theories allow for or require the variation
of one or more fundamental constants, [5] either spatially
or temporally. Thus, high accuracy measurements of the
variation in fundamental constants is a sensitive test of
potential theories of modern physics. [6]
The two dimensionless fundamental constants that are
most often probed astrophysically are the fine structure
constant, α, and the proton-to-electron mass ration, µ.
[7, 8, 9, 5, 6, 10] Since it is of course impossible to directly
measure α or µ across cosmological time, we usually rely
on observing physical properties that are affected by a
change in these fundamental constants. Variation in α
is usually observed through atomic lines. [11] To search
for variation in µ, we observe the frequencies of multi-
ple molecular transitions in distant galaxies and com-
pare against their frequencies today on Earth, [3, 12]
taking advantage of the large time interval[3, 8] to in-
crease the accuracy of this measurement. A high ac-
curacy constraint on variation in µ is obtained if the
frequency is very accurately known and/or the transi-
tion frequency is very sensitive to µ. Section 2 discusses
previous constraints of variation in µ cosmologically us-
ing both high abundance molecules and high sensitiv-
ity transitions. Measurements of µ variation on Earth
are also being pursued,[13, 14] but these constraints are
much less tight than astronomical observations (on or-
der 10−14/yr for Earth-based experiments vs 10−17/yr
for astronomical observations) due to the much shorter
time intervals involved.
Thompson was the first to demonstrate how molecular
energy levels and transition frequencies are dependent
on the proton-to-electron mass ratio, µ. [15] A shift in
µ will cause a shift in the energy levels in a molecule,
propagating through to a shift in observed transition
frequencies. Each transition has a different sensitivity
to µ, quantified by the sensitivity coefficient K of the
transition given by
∆ν
ν
= νobs − νref
νref
= K∆µ
µ
, (1)
where ∆µµ is the fractional change in µ,
∆ν
ν is the frac-
tional change in the transition frequencies (ν), νobs is the
observed transition frequency, and νref is a high accu-
racy reference transition frequency. Equation 1 makes
the assumptions that a variation in α and other funda-
mental constants will have no effect; these assumptions
are standard for non-relativistic molecular transitions
and is suitable for the purposes of this paper. However,
sensitivity to α should be explicitly tested[16] for promis-
ing transitions. As technology evolves, we can measure
spectral lines and transition frequencies with increasing
accuracy.
Sensitivity coefficients are a theoretical quantity and
need to be calculated in order to direct and interpret
astrophysical studies.
There are general trends in the sensitivity coefficient
depending on the type of spectral transition. Simpli-
fied models yield the sensitivities as Kel = 0 for pure
electronic transitions, Kvib = −12 for pure vibrational
transitions, Krot = −1 for pure rotational transitions.
[7]
Transitions that are a combination of different types of
transitions have previously been shown to deviate from
these clear cut sensitivities. [17] High sensitivity coef-
ficients have been observed particularly for transitions
between accidentally near degenerate energy levels.
Throughout this paper, we will use the term enhanced
to describe any transition with a sensitivity coefficient of
|K| > 5.
For specific molecular transitions, there are two main
ways that the sensitivity of a transition is determined in
the literature, model Hamiltonians [18, 19, 20, 21] and
variational programs to calculate the spectra. [22, 23]
We will utilise the variational method, which has a key
advantage of being able to quickly determine the sensi-
tivities for millions of transitions in the same manner.
[22] The sensitivity of a transition between lower state,
i, and upper state, j, is usually determined using
Kµ(i→ j) =
µ(∂Ej∂µ )− µ(∂Ei∂µ )
Ej − Ei , (2)
where E is the energy of the lower (Ei) and upper (Ej)
levels of the transitions, and ∂Ej∂µ is the derivative of the
energy with respect to µ. [12]
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Previous experimental investigations utilising these
theoretical K values, detailed in Section 2, have con-
strained the proton-to-electron mass variation to be ap-
proximately less than 10−17 per year. These investiga-
tions have focused on using molecules with either high
abundance like H2 or with enhanced transitions like NH3
and CH3OH. To improve upon the existing constraints
and subsequently provide more guidance to new theories
of physics, new molecular probes may be useful.
The goal of this field of research is to measure the
frequency of a small number of spectral transitions in
molecules in distant galaxies and compare their fre-
quency to Earth-based references. Thus, the quality of
a measurement of the variation in the proton-to-electron
mass ratio, µ, depends on
• the accuracy with which we can determine the fre-
quency of each transition,
• the difference in the sensitivity coefficients, K, be-
tween the set of transitions measured.
The accuracy with which we can determine the fre-
quency of each transition is determined by
• the strength of the transition itself,
• the abundance of the molecule in a distant envi-
ronment and the distance of that environment from
Earth,
• the sensitivity and spectral resolution of telescopes
available in the relevant spectral range on Earth.
Recent proposals for new molecular probes of vari-
ation in µ have generally focused on identifying new
molecules with similar symmetry properties to ammo-
nia or methanol that may have very high sensitivity
coefficients. These studies have successfully identified
enhanced transitions in molecules, usually arising from
close-lying or nearly degenerate energy levels. However,
the accuracy with which we can determine the frequency
of each transition astrophysically is often a secondary
concern.
Here, we take a different approach by first starting
with the set of known astrophysical molecules (focusing
on extragalactic molecules), then considering this set of
molecules in light of the other factors influencing the
quality of the desired measurement. Section 3 details
the relevant astrophysical observation factors, while Sec-
tion 4 uses detailed spectroscopic models of rovibronic
transitions in 11 diatomic molecules to investigate the
key molecular properties that can lead to enhanced tran-
sitions. Finally, Section 5 brings together all factors to
screen all extragalactically known diatomic molecules as
cosmological probes of µ variation, and provide a brief
discussion on the implications of these results to the
screening of polyatomic molecules as probes of cosmo-
logical µ variation.
2 Previous Investigations
Figure 1 shows the constraints that previous experiments
have placed on the variation in proton-to-electron mass
ratio, µ, over cosmological time. These results can be
clearly divided into two classes:
1. low sensitivity electronic transitions in common
molecules (H2 and CO) observed in very distant
galaxies, with a cosmological redshift z > 2, using
optical spectroscopy,
2. high sensitivity transitions observed in less abun-
dant molecules in closer galaxies, with a cosmologi-
cal redshift z < 1, using radio spectroscopy.
High redshift galaxies, low sensitivity
Molecules with high astrophysical abundance, particu-
larly H2 and CO, are observed in high redshift (z > 2)
galaxies if there are allowed transitions. Initial investi-
gations into possible cosmological µ variation focused on
these systems, taking advantage of the large look-back
times in excess of 10 billion years.
Molecular Hydrogen H2
Molecular hydrogen is ubiquitous throughout the uni-
verse and the most common utilised candidate to con-
strain a temporal variation of µ, see Figure 1. [31, 34, 47,
33, 48, 49, 15, 8, 50, 51, 39, 28] With the vibrational and
rotational bands forbidden, the observed transitions are
strong electric dipole allowed Lyman andWerner absorp-
tion transitions between electronic states that are natu-
rally in the UV spectral region, but are shifted into the
range of ground-based observations above wavelength of
3050 Åat large redshift, z > 2. [52] As electronic tran-
sitions, the sensitivity coefficients of these bands are ex-
tremely low, with |K| < 0.05. [47] Despite this, the high
abundance of H2 means that it is still useful for con-
straining a variation of µ. [8] A weighted average of H2
results shown in Figure 1 from redshift z = 2.0 − 4.2
gives ∆µ/µ = (3.1± 1.6)× 10−6. [53]
3
Figure 1: Previous constraints on ∆µµ across redshift and look-back time, (using standard LCDM cosmology [24]).
References for data points of; H2 constraints [25, 26, 27, 28, 29, 30, 31, 28, 32, 33, 28, 34, 35], H2 and HD constraints
[36, 37, 38, 39], CO and H2 constraints [40, 41] , NH3 constraints [42, 43, 44, 3], CH3OH constraints [45, 46], and
CH3NH2 constraint [21]. It should be noted that the CH3NH2 constraint is only an upper limit.
Carbon Monoxide CO
CO is the second most abundant molecule in gas form
in the universe, and has been studied extensively with
laboratory spectroscopy. [40] Following a proposal in
2012,[54] transitions from the electronic A-X system has
been used to supplement H2 measurements. The sensi-
tivities of these transitions are low with −0.002 < K <
0.066 [54] and provide less stringent constraints than
that determined by H2 systems. [40] A combined re-
sult using both CO and H2 from zabs = 2.69 towards
background quasar SDSS J1237+0647 gives ∆µ/µ =
(−5.6± 5.6stat± 3.1syst)× 10−6 which is consistent with
a null result. [40]
The vibrational and rotational bands of CO have not
been considered for placing a cosmological constraint on
the variation of the proton-to-electron mass ratio. These
lower frequency bands should have higher sensitivity co-
efficients and may be an interesting avenue of further
exploration if appropriate telescopes are available in the
red-shifted spectral range of these transitions.
Low redshift galaxies, enhanced sensitivity
Recently, radio observations in low redshift z < 1 galax-
ies have allowed for much tighter constraints to be placed
on a variation of µ. We can once again see this in Fig-
ure 1 with constraints placed by observations of molecu-
lar lines observed from galaxies with look-back times of
less than 8 billion years.
Ammonia NH3
Ammonia, NH3, is one of the most abundant polyatomic
molecules observed in the interstellar medium, however,
only 2 extragalactic sources have been found and both
are in low redshift galaxies. [17] The inversion transi-
tion near 24 GHz has a sensitivity coefficient ofK = 4.46
and is generally compared to the rotational transitions of
other molecules which are present at a similar frequency.
[3] This approach gives very high accuracy constraints.
However, the use of multiple molecules in the compari-
son introduces the potential for systematic error as the
assumption must be made that the gas of these different
molecules co-exist in the same molecular gas cloud and
have the same velocity structure. [46]
There have been suggestions of using mixed transi-
tions in the isotopologues of ammonia. NH2D and NHD2
have been considered for their mixed rotation-inversion
transitions, as they can limit systematic errors. How-
ever, the observed spectral transitions of these isotopo-
logues have small sensitivities. [19]
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Methanol
Mixed rotation-torsional transitions in methanol are sig-
nificantly more sensitive than ammonia or hydrogen. Us-
ing multiple rotation-torsional methanol transitions al-
lows for a ∆K ≈ 60, [18] which is an order of magnitude
greater than achievable with ammonia, and 1000 times
better than that of H2. [18]
Methanol has been commonly observed within our
galaxy, but only one extragalactic system has observed
methanol; PKS1830-211 at redshift z = 0.89. [43] There
has been some discussion about the observed system
with methanol, and if all the observed transitions do
indeed come from the same gas cloud. [45] This has en-
couraged more rigorous analysis to ensure spectral lines
are coming from the same environment. With the tran-
sitions that have been observed the tightest temporal
constraint has been placed on ∆µµ of (−2.9±5.7)×10−8,
which is a variation of dµdt /µ < 2 × 10−17yr−1 assuming
a linear change in time. [45]
Other proposed molecules
Aside from the molecules used in placing constraints,
many different molecules have also been proposed as pos-
sible probes for testing a variation in µ. Table 1 shows
many of the molecules proposed as astrophysical probes,
along with the relevant references. A significant num-
ber of the diatomics and some polyatomics in this table
have been proposed due to the presence of Π states and
lambda-doubling [20, 17]; this is discussed in further de-
tail in Section 5. Symmetry similar to that of ammonia
and methanol have also inspired attention to many of
the polyatomic suggestions. [55, 23]
3 Astrophysical criteria
The first and most necessary criteria for a potential cos-
mological probe of the proton-to-electron mass ratio, µ,
variation is the existence of the molecule astrophysically,
ideally extragalactically. The subset of molecules that
have been observed in space is tiny compared to all of
the molecules on Earth.
Table 2 lists all of the diatomics which have been ob-
served in the interstellar medium, circumstellar shells
or extragalactically [70], together with some other in-
formation which we will discuss further in section 4.2
and section 5. Just 19 diatomic molecules have been ob-
served extragalactically (shown in bold in Table 2). Of
the other 125 small (N<8) polyatomic molecules which
Figure 2: The frequency ranges in both cm−1and GHz of
some of the telescopes which have been used or could be
used to observe molecular lines. The telescopes in red
have contributed observations to place a constraint on
the variation of the proton-to-electron mass ratio. Com-
mon acronyms for the telescopes are used here. Those in
blue are potential other telescopes with JWST and SKA
yet to be observing in a hatched pattern.
have been detected within the interstellar medium, [70]
Table 3 shows the 42 that have been observed extra-
galactically.
The abundance of the molecule is also an important
factor; more abundant molecules will give stronger spec-
tral signals. Table 2 provides estimates for galactic abun-
dance of many diatomics; however, it is crucial to note
that this is highly environment dependent quantity and
not well constrained currently.
The third criteria is that we have a telescope that is
available to measure molecular spectral lines (taking into
account redshift). For example, though H2 is the most
abundant molecule astrophysically, we are unable to di-
rectly observe H2 at distances closer than redshift z = 2
(i.e. about 10 billion years ago) because the vibrational
and rotational transitions are dipole forbidden and thus
extremely weak.
Figure 2 shows the frequency range of some telescopes
that have been used or may be used to constrain a varia-
tion in µ. Observing in the optical range and radio range
is quite easy from the ground or space, with many avail-
able telescopes. The importance of the infrared region
to molecular spectroscopy of nearby systems means that
there is usually a space-based observation of high quality
available. However, historically there have been few tele-
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Table 1: Table of sensitivity ranges for transitions in molecules that have been used or proposed as probes to
astrophysically constrain the variation of the proton-to-electron mass ratio. Those in bold have been used to place
constraints.
Molecules Electronic State Type of transition Range of sensitivity Reference
Diatomic molecules
H2 B1Σ+u ← X1Σ+g /C1Πu ← X1Σ+g Eel/Evib −0.054 < K < +0.019 [33, 47]
HD B1Σ+u ← X1Σ+g /C1Πu ← X1Σ+g Eel/Evib −0.052 < K < +0.012 [56]
CO A1Π← X1Σ+ Eel/Evib −0.071 < K < +0.003 [54]
CH X2Π Efs/Erot −6.2 < K < +2.7 [20, 57]
CD X2Π Efs/Erot −67 < K < +18 [57]
OH X2Π Efs/Erot −460 < K < −0.50 [20]
NO X2Π Efs/Erot −38.9 < K < +6.81 [20]
LiO X2Π Efs/Erot −4.24 < K < −0.95 [20]
NH+ a4Σ− ← X2Π(v = 0, 1) Eel/Erot −185.8 < K < +126.9 [58]
Polyatomic molecules
l−C3H X2Π Evib/Erot −19 < K < +742 [19]
NH3 X Einv −4.2 [59, 60]
ND3 X Einv −5.6 [61, 60]
X Erot/Evib −32 < K < +28 [62]
NH2D and ND2H X Einv/Erot −1.54 < K < +0.10 [63]
H3O+ X Einv −2.5 [64, 62]
X Einv/Erot −9.0 < K < +5.7 [64, 22]
H2DO+ and D2HO+ X Einv/Erot −219 < K < +11.0 [65]
D3O+ X Einv/Erot −7.5 < K < +3.5 [65, 22]
H2O2 X Einv/Erot −36.5 < K < +13.0 [66]
PH3 X Erot/Evib −32 < K < +461 [23]
CH3OH X Etors/Erot −88 < K < +330 [12, 18]
CH3SH X Etors/Erot −14.8 < K < +12.2 [67]
CH3COH X Etors/Erot −3.7 < K < −0.5 [55]
CH3CONH2 X Etors/Erot −1.34 < K < +0.06 [55]
HCOOCH3 X Etors/Erot −1.07 < K < −0.03 [55]
CH3COOH X Etors/Erot −1.36 < K < −0.27 [55]
CH3NH2 X Einv/Etors/Erot −19 < K < +24 [21]
(CH3)2CO X Erot/Etors −1.98 < K < +6.07 [68]
C2H6O2 X Etun/Erot −17.9 < K < +16.5 [69]
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Table 2: All diatomic molecules observed in the interstellar medium and circumstellar shells [70] with ground
state and first excited electronic state information, approximate abundance relative to H2 or relative to atomic H
if denoted with **. LL - published line-list available through the ExoMol database (http://exomol.com/), SM -
published spectroscopic model for nuclear motion program. All electronic state information taken from [71] except
for ScH taken from [72], and VO taken from [73].
Diatomic Ground State First Excitedstate
First
Te (cm−1)
First Allowed
Excited State
Allowed
Te (cm−1)
LL SM
Relative
Abundance
to H2 or H**
Ref
Interstellar and circumstellar
AlCl X1Σ+ a3Π 24528 A1Π 38254 Y 10−8 [74]
AlF X1Σ+ a3Π 27241 A1Π 43949 Y
AlO X2Σ+ A2Π 5341 A2Π 5341 Y Duo 10−8 [74]
ArH+ X1Σ+ N 10−10** [75]
C2 X1Σ+ a3Π 716 A1Π 8391 Y Duo 10−8 [76, 77]
CF+ N 10−10 [78]
CH X2Π a4Σ− 5844 A2∆ 23189 Y 10−8 [76, 77, 75]
CH+ X1Σ+ a3Π 9200 A1Π 24111 N 10−8 [77, 75]
CN X2Σ+ A2Π 9245 A2Π 9245 Y 10−9 [76, 77]
CN− N 10−9 [79]
CO X1Σ+ a3Π 48686 A1Π 65075 Y 10−5 [76, 77]
CO+ X2Σ+ A2Π 20733 A2Π 20733 N 10−15 [80]
CP X2Σ+ A2Π 6895 A2Π 6895 Y 10−8 [81]
CS X1Σ+ a3Π 27661 A1Π 38904 Y LEVEL 10−9 [76, 77]
FeO X5∆ A5Σ+ 3948 B5Π 14404 N 10−11 [82]
H2 X1Σ+ B1Σ+ 91700 B1Σ+ 91700 N 1 [77]
HCl X1Σ+ A1Π? 76322 Y 10−10 [77, 75]
HCl+ X2Π A2Σ+ 28626 A2Σ+ 28626 N 10−9** [75]
HD X1Σ+ B1Σ+ 91698 B1Σ+ 91698 N 10−7 [77]
HF X1Σ+ B1Σ+ 84776 B1Σ+ 84776 Y 10−8 [75]
KCl X1Σ+ Y LEVEL
N2 X1Σ+ A3Σ+ 50203 a1Σ− 68152 N 10−7 [83]
NaCl X1Σ+ Y LEVEL 10−7 [84]
NH X3Σ− a1∆ 12566 a3Π 29807 Y 10−9 [77, 75]
NO X2Π a4Π 38440 A2Σ+ 43965 Y Duo 10−8 [76]
NO+ X1Σ+ A3Σ+ 52190 A1Π 73471 N 10−10 [85]
NS X2Π B2Π 30294 B2Π 30294 Y Duo 10−9 [86]
NS+ X1Σ+ N 10−10 [87]
O2 X3Σ− a1∆ 7918 A3Σ+ 35397 N 10−8 [76]
OH X2Π A2Σ+ 32684 A2Σ+ 32684 Y 10−7 [76, 77, 75]
OH+ X3Σ− a1∆ 17660 a3Π 28438 Y 10−8 [77]
PN X1Σ+ A1Π 39805 A1Π 39805 Y LEVEL 10−9 [81]
PO X2Π B2Σ+ 30730 B2Σ+ 30730 Y Duo 10−6 [84]
SH X2Π A2Σ+ 31038 A2Σ+ 31038 Y Duo 10−8 [75]
SH+ X3Σ− a3Π N 10−8** [75]
SiC X3Π A3Σ− 5597 A3Σ− 5597 N
SiH X2Π A2∆ 24300 A2∆ 24300 Y Duo
SiN X2Σ+ A2Π 8000 A2Π 8000 N 10−7 [88]
SiO X1Σ+ A3Σ+ 33630 C1Σ− 38624 Y LEVEL 10−6 [84]
SiS X1Σ+ a3Π 30239 D1Π 35026 Y LEVEL 10−6 [84]
SO X3Σ− a1∆ 6350 a3Π 38306 N 10−8 [76, 77]
SO+ X2Π a4Π 26170 A2Π 35600 N 10−10 [43]
TiO X3∆ a1∆ 3440 E3Π 12025 Y Duo
Other
PS X2Π B2Π 22894 B2Π 22894 Y Duo
ScH X1Σ+ b3Π 4152 B1Π 5856 Y Duo
VO X4Σ− A4Φ 7293 a4Π 9561 Y Duo
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Table 3: Small (N<8) polyatomic molecules that have
been observed in extragalactic environments. [70] H2CS
is a tentative detection. Those in bold have line lists
available as a part of the ExoMol database.
3 atoms 4 atoms 5 atoms 6 atoms 7 atoms
H2O H2CO c−C3H2 CH3OH CH3CCH
HCN NH3 HC3N CH3CN CH3NH2
HCO+ HNCO CH2NH HC4H CH3CHO
C2H C2H2 NH2CN HC(O)NH2
HNC H2CS l−C3H2
N2H+ HOCO+ H2CCN
OCS c−C3H H2CCO
HCO H3O+ C4H
H2S l−C3H
SO2
HOC+
C2S
H2O+
HCS+
H2Cl+
NH2
H +3
C3
scopes in the far-infrared (between 102− 104 cm−1) and
in the ultraviolet as this region has few spectral transi-
tions and the telescopes must be space-based. This lack
of telescopes in the far-infrared region could be problem-
atic for some potential probe transitions as it is the un-
usual transitions between nearly degenerate levels that
tend to have very high sensitivity coefficients and these
transitions often occur in this region.
Finally, we must consider the intensity of the tran-
sition to be observed, which depends on its intrinsic
strength (i.e. its Einstein A coefficient) and the popu-
lation of the lower energy state (i.e. the temperature of
the system). Unfortunately, the conditions that lead to
enhanced transitions (mixing of states, close-lying lev-
els) generally occurs higher in the molecular potential
energy surface, meaning the enhanced transitions often
have low intensities due to Boltzmann factors. Further-
more, molecular gaseous environments astrogalactically
are often very cool, on the order of 4-100 K.
Quantifying the intensity of a transition that can be
measured by a telescope is of course always an exercise
in approximation; longer observation runs, closer tar-
gets and larger telescopes all improve the quality of a
measurement. However, within the typical units used
by astronomers, transitions with intensities above 10−18
cm/molecule may be observable in extragalactic environ-
ments, while transitions with intensities less than 10−25
and definitely 10−30 cm/molecule are unobservable ex-
tragalactically for our desired measurements.
4 Sensitivity Coefficients in Rovi-
bronic Transitions of Diatomics
Rovibronic transitions have not been explored exten-
sively in the context of variation in the proton-to-
electron mass ratio, µ, cosmologically, with most stud-
ies limited to the low sensitivity transitions in H2,
HD and CO. The main relevant previous work is the
promising sensitivity coefficients found in NH+ of up to
K = 126.9,[58] which is attributed to the presence of
an anomolous low-lying electronic excited state in NH+
only a few hundred cm−1 above the ground state. How-
ever, NH+ has not yet been astrophysically observed.
To explore the ubiquity of enhanced transitions in
rovibronic transitions, here we take advantage of the
high quality spectroscopic data available on a set of 11
diatomic molecules, tabulated in Table 4. These line lists
were initially developed to serve the astrophysical stel-
lar and exoplanet communities.[89] For each molecule,
the available data consists of a molecular line list (set
of energy levels and transition frequencies) and, impor-
tantly for our purposes, a spectroscopic model that in-
cludes the potential energy, dipole moment and coupling
curves that produce this line list. It is straightforward
to modify the spectroscopic model to mimic the effect
of changing µ. We use the Duo nuclear motion package
to recalculate the energy levels and thereby extract the
sensitivity coefficient of all the molecular transition for
a given molecule.
4.1 Method
The advantage of utilising spectroscopic models lies in
its ability to trivially change the molecular mass of the
system. Assuming all baryonic matter can be treated in
the same way we can treat a variation in the molecular
mass as a variation in the proton-to-electron mass ratio.
[97]
To calculate the sensitivity coefficients of each tran-
sition we are taking a variational approach, similar to
that used for investigations of sensitivity in rovibrational
transitions of polyatomic molecules. [22, 60, 62, 23] Us-
ing the variational nuclear motion program Duo,[98] we
can solve the full rovibrationic wavefunction to give en-
ergy levels and dipole allowed transitions for diatomics.
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Table 4: The 11 different diatomic molecules analysed within this article, including the three different isotopologues
of AlO. The number of electronic states included in the spectroscopic model, with the total number of transitions,
number of enhanced transitions with |K| > 5, sensitivity of the most sensitive transition, and the maximum
difference in sensitivity between two transitions, where the transitions are constrained to intensities of greater
than 10−30 cm/molecule at 1000 K.
Molecule ElectronicStates Transitions
Enhanced
Transitions Max(|K|) Max(|∆K|)
Reference for
Spectroscopic Model
32S1H 1 19683 0 2.87 4.67 [90]
14N16O 1 19968 0 1.01 1.55 [91]
14N32S 1 24484 0 1.00 1.15 [90]
31P16O 1 28635 0 1.00 1.22 [92]
31P32S 3 288390 0 1.00 1.52 [92]
26Al16O 3 597035 3974 2389.93 3773.72 [93]
27Al16O 3 600540 3948 3149.96 5486.36 [93]
27Al18O 3 647858 4026 1105.05 1458.56 [93]
28Si1H 4 139444 1 5.64 9.69 [94]
45Sc1H 6 318985 2300 1012.40 1340.06 [72]
12C2 8 276117 984 37.40 46.18 [95]
48Ti16O 11 1986433 0 4.81 8.60 [96]
51V16O 13 3447739 2302 636.84 1156.23 [73]
See ExoMol papers[98, 99] for the method of calculat-
ing transitional frequencies and Einstein A coefficients.
To calculate the sensitivity coefficient K, the molecular
mass is changed by a small amount f and a shifted line
list is created. This slight shift in molecular mass allows
us to simulate a variation in µ. After a thorough inves-
tigation into the amount to change the molecular mass,
we decided on a scale multiplicity of f = 1.0001. This is
chosen to be small enough to ensure there are minimal
swapping of energy level assignments within Duo, and
large enough to avoid significant numerical noise inter-
ference. This allows us to calculate K using equation
2, where the derivatives are numerically calculated with
finite differences. To account for the importance of tem-
perature and spectral intensity of transitions in deter-
mining their appropriateness as a probe of variation in
µ, we choose here to keep only transitions with intensi-
ties of greater than 10−30 cm/molecule at 1000 K. This
constraint will retain all transitions of potential inter-
est as all transitions excluded are extremely unlikely to
be observable in any astrophysical environment; indeed
many transitions we retain are unlikely to be observable
as they will be too weak.
4.2 Results and Discussion
We have calculated the sensitivity coefficients for all al-
lowed transitions of the 11 astrophysically relevant di-
atomic molecules for which we have spectroscopic mod-
els for the nuclear motion program Duo.
Table 4 shows all the molecules investigated, along
with the number of electronic states included in their
spectroscopic models, number of transitions produced,
number of enhanced transitions, as well as information
about the maximum sensitivities. From this we can
see that AlO, ScH, VO have the largest number of en-
hanced transitions with intensities greater than 10−30
cm/molecule at 1000 K, with C2, also having a signif-
icant number of enhanced transitions. The number of
enhanced transitions in each diatomic was considered at
different temperatures (1000 K, 100 K, and 20 K) with
higher intensity cutoffs. Unfortunately for all of the di-
atomics considered there are no enhanced transitions at
temperatures of 100 K and 20 K, and for 1000 K all
enhanced transitions have an intensity less than 10−22
cm/molecule. Nevertheless, we will consider in-depth
the factors that cause enhanced transitions in these types
of systems in order to predict enhanced transitions in
other astrophysically relevant diatomics, as well as pro-
vide insight into understanding enhanced transitions in
diatomics in Earth-based laboratory systems.
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(a) The 8395312 transitions of the 11 diatomic molecules
across all frequency range.
(b) The 6156371 transitions with transition frequency above
10000cm−1, but sensitivity is small.
(c) The 8199267 transitions with transition frequency above
1000cm−1, with increased but not enhanced sensitivity.
(d) The 196045 transitions with transition frequency below
1000cm−1, capped at |K| < 1000.
Figure 3: Distribution of sensitivity coefficients of transitions across various wavenumber regions for all 11 diatomic
molecules, with bar plots above each subplot showing the count distribution of the transitions across wavenumber,
and to the right showing the count distribution across sensitivity.
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Figure 3a shows the sensitivity coefficients of all of
the diatomics investigated as a function of wavenum-
ber. From this, we can see that the distribution of
transitions is not particularly concentrated across any
wavenumber region. Figure 3b examines the distribu-
tion of transitions with transition frequency greater than
10,000 cm−1. All of these transitions have a sensitiv-
ity coefficient between −0.8 < K < 0.7. These transi-
tions are not enhanced, and would not be useful primary
probes unless the abundance of the molecule was similar
to that of CO or H2.
We see from Figure 3c and 3d that all enhanced transi-
tions are all below 1000 cm−1, but that not all transitions
with a frequency less than 1000 cm−1are enhanced. We
will thus focus our attention on this region.
The sensitivity coefficients for these enhanced transi-
tions increases dramatically as the frequency decreases,
with enhanced transitions all having frequencies less
than 1000 cm−1. Slightly enhanced rovibronic transi-
tions are likely to have frequencies in the far infrared
around 1000 cm−1, a difficult region for observations
even accounting for redshift. Highly enhanced rovibronic
transitions may have low frequencies of 10-50 cm−1,
within the range of the ALMA telescope and thus more
observable.
In our numerical examples, the existence of more than
one electronic state in the spectroscopic model seems to
be a necessary, but not sufficient, condition for enhanced
transitions. Analysis of sensitivity coefficients in a Morse
oscillator support this analysis. Given the Morse oscil-
lator potential of
V (R) = De[1− e−α(R−Re)]2, (3)
where De = dissociation energy relative the bottom of
the potential, α =
√
k/2De, where k is the force con-
stant, k = (d2V/dx2)(x=xe), and ν =
√
k
µ , the nth vibra-
tional energy level, Emorse[n] are given by
Emorse[n] = hν(n+
1
2)−
(hν)2
4De
(n+ 12)
2. (4)
By utilising equation 2 we can calculate the sensitivity
coefficients of an anharmonic transition as
Kµ(i→ j) =
(−2De + h(1 + i+ j)
√
k
µ)
(4De − h(1 + i+ j)
√
k
µ)
. (5)
As De goes to infinity the result approaches that of a
harmonic oscillator and thus K → −12 as expected. As
(a) 51V16O
(b) 27Al16O
Figure 4: Distribution of the sensitivities of 51V16O and
27Al16O transitions with frequencies below 1000 cm−1,
capped at sensitivities with magnitude less than 100.
The colour shows the intensity of the transitions.
De goes to 0 the anharmonic portion completely domi-
nates and K → −1. The analysis doesn’t substantially
change with the addition of rotational energies. There-
fore, we expect a single electronic state to not display
enhanced transition sensitivities in the absence of fine
structure effects.
However, the existence of multiple electronic states is
clearly not the only important factor; for example, TiO
and SiH have almost no enhanced transitions. For the
molecules that do show enhanced transitions, we see in
Figure 4 for 51V16O and 27Al16O that there is a char-
acteristic relationship between sensitivity coefficient K
versus wavenumber of the transition with a strong in-
crease in K at small wavenumbers.
For rovibronic transitions in diatomic molecules we
have found that low frequency transitions that also
change electronic states generally have enhanced sen-
sitivity, as shown for AlO in Figure 5 where approxi-
mately 95% of enhanced transitions involve a change in
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Figure 5: Distribution of the sensitivities of the 3948 en-
hanced (|K| > 5) 27Al16O transitions across wavenum-
ber, where the colour represents the electronic state on
the lower energy level of the transition, and where the
upper panel shows the transitions with X2Σ+ electronic
state as the upper energy level, and the lower panel
shows the transitions with A2Π electronic state as the
upper energy level
Figure 6: Effects of changing the different coupling
within the AlO spectroscopic model on the distribution
and shape of the sensitivity coefficients across wavenum-
ber.
electronic state. We propose that the other 5% are due
to coupling between electronic states.
We can investigate the conditions for enhanced tran-
sitions further by modifying the spectroscopic model of
AlO, sequentially removing coupling between and within
the electronic states. Figure 6 shows presents sensitivity
coefficients versus wavenumber comparing the full spec-
troscopic model to the cases where (a) there is only spin-
orbit coupling (i.e. spin-spin coupling and electronic an-
gular momentum removed),(b) where there is only diag-
onal spin-orbit coupling (i.e. removing the A2Π-X2Σ+
spin-orbit coupling) and (c) where there are no couplings
at all. Changing the couplings clearly affects the details
of the sensitivity coefficients, but not the overall shape
relating sensitivity coefficient to wavenumber. Even with
no couplings, there are still clearly strongly enhanced
transitions.
Comparing Table 2 with Table 4, we see that if the
first electronic state is too high in energy, there are no
transitions with enhanced sensitivity; for example, PS,
SiH and PO all have Te > 20000 cm−1. Furthermore,
we need to consider selection rules. For example, TiO
has no enhanced transitions but a low-lying first excited
state of TiO with a Te of only 3440 cm−1. However,
outside of significant mixing (which the specific spin
and symmetry of the two states don’t allow), transitions
between the ground and first electronic states are for-
bidden. The lowest-lying electronic state with allowed
transitions from the ground state has Te of 12025 cm−1,
accounting for the lack of enhanced transitions in Te.
Conversely, we can see that AlO, ScH, C2, and VO all
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Figure 7: Relation between the energy difference of the ground electronic state and the first spin/symmetry allowed
excited electronic state and the maximum |∆K| for each diatomic examined within this paper as well as three data
point of 27Al16O where the spectroscopic model was altered by shifting the energy of the A2Π electronic state,
denoted with filled crosses. Also included is a combination of the data from tables 1 and 2 for CO, HD, and H2
have first allowed electronic states with an energy gap
of less than 10,000 cm−1and have a substantial number
of enhanced transitions. We explore this relationship
further in Figure 7 which shows the largest difference
in sensitive transitions as a function of the energy gap
between the ground state and first allowed excited elec-
tronic state. Included in this figure are the three points
where we have taken the spectroscopic model for AlO
and only changed the energy of the first excited elec-
tronic state to a Te of 5,000 cm−1, 10,000 cm−1, and
15,000 cm−1, as well as a combination of data from Ta-
bles 1 and 2 for H2, HD, and CO.
Figure 7 clearly illustrates that the smaller the Te of
the first allowed electronic excited state, the stronger the
enhancement of the sensitivity of the transitions in that
molecule. This highlights the lack of sensitive transitions
within CO, HD, and H2 shown in Table 1. This crite-
rion can be used to help screen molecules as potential
astrophysical probes of µ variation; see Section 5.
To explore these important variables further, we con-
sider more closely the sensitivity of different types of
transitions in AlO. In Figure 8 we can see the distribu-
tion of sensitivities across vibrational quantum number,
n, for AlO, split by the electronic state of the upper and
lower levels. It is very clear that the bulk of the signif-
icantly enhanced transitions involve X2Σ+(n = 8) and
A2Π(n = 3). The enhanced transitions that occur within
Figure 8: Distribution of sensitivity coefficients across
vibrational quantum number n for AlO, where the colour
represents the electronic state on the lower energy level
of the transition, and where the upper panel shows the
transitions with X2Σ+ electronic state as the upper en-
ergy level, and the lower panel shows the transitions with
A2Π electronic state as the upper energy level
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Figure 9: Ground rotational levels of the vibrational en-
ergy levels (labelled n) within 27Al16O across the first
two electronic energy levels.
only the A2Π state are again probably due to mixing be-
tween the X2Σ+ and A2Π states, the same transitions
we see in Figure 5.
The vibrational energy levels of the X2Σ+ and A2Π
states of AlO are shown in Figure 9. It is clear that
the X2Σ+(n = 8) and A2Π(n = 3) are very close, while
the X2Σ+(n = 9) and A2Π(n = 4) levels are near de-
generate; this is the cause of the enhanced transitions.
In equation 1, a small transition frequency and a regu-
lar change in frequency due to variation in µ will give
rise to enhanced sensitivities. The population of the
X2Σ+(n = 9) level will be substantially smaller than
the population of the X2Σ+(n = 8) level due to the
Boltzmann factor and thus our intensity cut-off has gen-
erally removed transitions involving the X2Σ+(n = 9)
level.
Figure 10 shows the distribution of rotational quan-
tum number and sensitivity for AlO. While we can see
more of the significantly enhanced, |K| > 1000 occur at
higher J, there are enhanced transitions across all rota-
tional levels. This result shows that the most important
factor in causing enhanced transitions in these sorts of
systems is the close vibrational levels rather than rota-
tional levels. This criterion should allow us to look at
the vibrational band head data alone to determine if a
diatomic will be a useful probe to constrain the varia-
tion of the proton-to-electron mass ratio, a much easier
Figure 10: Distribution of sensitivity coefficients across
rotational quantum number J for AlO, with a bar plot
above showing the count distribution of the transitions
across lower energy vibrational quantum number J , and
to the right showing the count distribution across sensi-
tivity.
task than examining the full rovibronic spectroscopy of
a molecule.
5 Screening molecules as probes
Diatomics
Enhanced rovibronic transitions
From our investigation, we suggest that the sensitivity
of rovibronic transitions diatomic molecules to a varia-
tion in µ can be estimated by considering the term en-
ergy of first allowed electronic state. We have shown in
Section 4, particularly Figure 7, that there is a trend
between the energy difference between electronic states
and the maximum ∆K.
Molecules with large Te are associated with very in-
sensitive rovibronic transitions and can thus be excluded
from consideration unless their abundance is extremely
high (like H2 and CO); in Table 2 H2, HD, HF, NO+,
N2, and CO have Te > 50, 000 cm−1.
More promisingly, the diatomics from Table 2 that
have an allowed excited electronic state with energy gap
below 10,000 cm−1are AlO, SiC, CP, SiN, C2, and CN.
These molecules are predicted to have some enhanced
transitions, aligning with the results from Section 4 that
show enhanced transitions at high temperatures for AlO
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Figure 11: Ground rotational levels of the vibrational
energy levels (labelled n) within CN across the first two
electronic energy levels.
and C2. SiC, CP, SiN, and CN, however, are strong
consideration as probes for µ variation. Of those 4 di-
atomic molecules, CN is initially the most promising as
it has been observed in many different astrophysical en-
vironments, including outside of the Milky Way. [76] In-
terestingly, SiN has only been observed in circumstellar
envelopes, yet has the highest reported relative abun-
dance to H2. [88]
Since there is an available line list for the CN radical
[100] (though no spectroscopic model) we can look at its
vibrational band heads to see if any of them are close
like we see in AlO. Figure 11 shows the close-lying vi-
brational energy levels of CN. We can see here that the
X2Σ+(n = 11) and A2Π(n = 7) and the X2Σ+(n = 12)
and A2Π(n = 8) levels are near degenerate. While the
energy gap is on the same order of magnitude as the
X2Σ+(n = 9) and A2Π(n = 4) levels in AlO, the close-
lying vibrational levels in CN are much higher in energy
and will have a lower Boltzmann population, thus un-
likely to be observed.
There is a smaller line list available for CP as well.
[101] From the first 8 vibrational bands of each elec-
tronic state, none are particularly close, see Figure 12.
The X2Σ+(n = 6) and A2Π(n = 0) states show the
most promise, but are almost double the energy gap
seen in the X2Σ+(n = 8) and A2Π(n = 3) states of
AlO. A more comprehensive line list or spectroscopic
model would help in determining the potential of CP as
a probe. CP has only been observed within our Milky
Figure 12: Ground rotational levels of the vibrational
energy levels (labelled n) within CP across the first two
electronic energy levels.
Way, with a relative abundance similar to CN.
Enhanced lambda doubling transitions
Previous investigations [20, 17, 102, 57] have consid-
ered transitions involving lambda (Λ) doubling as po-
tentially useful probes of proton-to-electron mass vari-
ation in NO, CH, CD, CO, OH, and NH+ and some
polyatomics. Lambda doubling occurs when interactions
between electronic and rotational motion causes the de-
generacy of states with non-zero angular momentum to
break. Lambda-doubling shifts the hyperfine energy lev-
els and will shift the sensitivity coefficients.
Lambda doubling is usually included only empirically
into Duo. As such, its mass dependence is not explicitly
considered and thus our spectroscopic models cannot in
these cases predict how a variation in µ would be affected
by lambda doubling.
A relevant caveat that may affect published ExoMol
line lists slightly is that lambda doubling predicted for
non-dominant isotopologues may not be accurate as
their values are inherited from the dominant isotopo-
logue of the molecule; this will be considered further in
a future publication.
Our tables show that HCl+, SiC, SiH and SO+ have Π
ground states but have not yet been considered as probes
of µ variation. Lambda doubling transitions have been
observed at medium redshift for NO and SO+ [43] as well
as OH [52]. Galactic observations of lambda-doubling
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transitions of HCl+ [70] suggest possible future interest.
CN, AlO, CP, C2, and SiN have relatively low
(<10000 cm−1) Π electronically excited states, which
may be of interest for lambda-doubling. CN especially
could be interesting as it has been observed in external
galaxies. [70]
Abundant extragalactic molecules
Molecules with a higher abundance allow for possible
use as a probe to constrain the variation of the proton-
to-electron mass ratio, even without high sensitive tran-
sitions. We already see this with H2 and CO, and to
some extent HD. From Table 2 we can see that not very
many diatomics have an abundance particularly close to
H2, however, there are a couple that are close to that
observed of CO. Of the three diatomic (PO, SiS, SiO)
with an approximate galactic abundance within an or-
der of magnitude of CO only SiO has been observed
extragalactically. SiO relative abundance to H2 in ex-
tragalactic environments is significantly lower, more on
the order of 10−10. [43] From this, it is unlikely that
any other diatomics have a high enough abundance to
be particularly useful probes without enhanced sensitiv-
ities.
Predictions for Polyatomic Molecules
Our results for diatomic molecules suggest that looking
for near degeneracy in vibrational origins of different vi-
brational modes alone may be sufficient information to
screen potential polyatomic molecules for potentially en-
hanced transitions without the need for full rovibrational
calculations. Future work will test this hypothesis us-
ing 7 available polyatomic line lists and spectroscopic
models: H2O, HCN, H2S, SO2, and H +3 will use the tri-
atomic nuclear motion program DVR3D,[103] and H2CO
and NH3 will use the polyatomic nuclear motion program
Trove.[104]
6 Conclusions
Here, we look for new molecular probes of proton-to-
electron mass variation, µ, over cosmological time, high-
lighting the importance of considering both the accuracy
with which you can measure the transition and the sen-
sitivity of the transition to variation in µ.
Astrophysical observability of the spectral transition is
key to a useful suggestion of a potential probe for µ vari-
ation over cosmological time. To assist chemists, we col-
late relevant information here. In particular, we provide
the abundances and relevant physical properties of all
known interstellar and extragalactic diatomics and iden-
tify all extragalatically observed polyatomic molecules.
Further, we discuss the importance of considering the
frequency range and spectral resolution of available tele-
scopes to measure a proposed transition. Finally, we em-
phasis the importance of spectral intensity as a metric
for quantifying the suitability of a particular transition.
For the first time, rovibronic transitions in 11 diatomic
molecules are considered as potential probes for µ vari-
ation using high level variational spectroscopic models
that include complex coupling between electronic states
and transition intensity information. While none of
the 11 diatomics investigated have enhanced transitions
likely to be observable extragalactically in astrophysi-
cal temperatures, we could study the factors leading to
sensitive transitions by considering lower intensity tran-
sitions that occured at higher temperatures. At 1000
K, low intensity enhanced transitions were observed at
low frequencies due to near-degeneracy of energy levels
of different kinds. Within the limitations of the spec-
troscopic models available, enhanced transitions were
only observed due to the degeneracy between vibrational
levels of a ground and excited electronic state. Our
results showed no enhanced transitions in 2Π ground
states due to lambda doubling; the empirical manner by
which lambda doubling was included into existing spec-
troscopic models may have limited the ability of this
study to identify any enhanced lambda doubling transi-
tions.
Based on these results, we used the presence of in-
tense transitions to low-lying electronic state (approxi-
mately <10,000 cm−1) as an initial screening tool for en-
hanced sensitivity in rovibronic transitions in diatomic
molecules, with the next step to investigate the vibra-
tional band heads. The molecules SiC, CP, SiN, and CN
seem most promising for further investigation.
Of the 43 known interstellar diatomic molecules, we
identified
• 6 molecules (AlO, SiC, CP, SiN, C2, CN) as hav-
ing potential to possess enhanced rovibronic tran-
sitions specifically due to low-frequency transitions
between low-lying electronic states;
• 10 molecules (SO+, PO, OH, CH, SH, NO, NS,
HCl+, SiC, SiH) of interest in investigations of sen-
sitive lambda doubling transitions, with PO of par-
ticular interest due to its high galactic abundances;
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• 2 molecules (SiS, SiO) with galactic abundances
similar to CO which may be of interest for fur-
ther study (like H2 and CO have been) despite
their predicted low sensitivity coefficients from ei-
ther lambda doubling or rovibronic transitions;
• 14 molecules (HD, HF, NO+, N2, PN, CS, SO, AlCl,
O2, NH, OH+, CH+, CO+, FeO) that have a low as-
trophysical abundance, and 11 other molecules with
unknown astrophysical abundance ( TiO, SiH, AlF,
KCl, CF+, HCl, NS+, ArH+, NaCl, SH+, CN−)
with low potential for transitions for enhanced sen-
sitivity.
Our results also have implications for the use of rovi-
bronic diatomic transitions as probes for variation of µ in
other situations. Astrophysically, one may explore spa-
tial dependence or variation within high gravitational
fields. [49] Earth-based experiments can utilise a much
larger range of potential molecules[105] and also over-
come the Boltzmann factor by using multiple lasers to
first populate a high-lying initial state, then to drive the
desired transition. For example, rovibronic transitions
in KRb have recently[14] been used to constrain µ vari-
ation to a fractional change of less than 10−14/yr.
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